The alkaloids of intact plants, calli and shoot-clump cultures of L. aestivum were analyzed by GC-MS. Twenty-four alkaloids were detected. Calli appeared to produce sparse alkaloid profiles in stark contrast to shoot-clumps that had similar profiles to those of the intact plant. Seven shoot-clump strains produced galanthamine predominantly whereas another three were dominated by lycorine. Shoot-clump strains cultivated under light accumulated about two-times more galanthamine (an average of 74 μg/g of dry weight) than those cultivated in darkness (an average of 39 μg/g of dry weight). In comparison to intact plants, the shoot-clumps accumulated 5-times less galanthamine. The high variability of both the galanthamine content (67% and 75% of coefficient of variation under light and darkness conditions, respectively) and alkaloid patterns indicates that the shoot-clump cultures initiated from callus could be used as a tool for improvement of the in vitro cultures.
Galanthamine, an Amaryllidaceae type alkaloid, is a long acting, selective, reversible and competitive AChE inhibitor [1] , which is marketed as a hydrobromide salt under the name of Razadine ® (formerly Reminyl ® ) for the treatment of neurological diseases, mainly Alzheimer's disease. Since the 1960s, this alkaloid has been obtained from several plants, as for instance Leucojum aestivum, Narcissus ssp. and Galanthus nivalis [2] . L. aestivum is a threatened plant species that is currently used as a commercial source of galanthamine in Bulgaria. It is gathered from natural habitats which causes increasing problems with depletion of wild populations. Due to the increased demand of galanthamine and the limited plant sources available, the in vitro cultures of galanthamine-producing species, mainly N. confusus and L. aestivum, have recently attracted a great attention as an alternative approach for the production of this compound [3] [4] [5] [6] .
Shoot-clump cultures have been used as a model system for in vitro galanthamine production [3] [4] [5] [6] [7] because the undifferentiated cell cultures (cell suspensions and calli) have considerably lower ability to synthesize this compound [6, 8] . With respect to L. aestivum, the galanthamine content in in vitro shoot-clumps was found to vary when the cultures were cultivated on nutrient media with different combinations of phytohormones [5] . Furthermore, shoot-clumps grown on a sole nutrient medium but induced from various wild populations [7] or from calli [6] also showed varying galanthamine content. In a previous study, we found that light increased the galanthamine content in a shoot-clump strain cultivated in liquid medium [6] . Light is known to regulate not only plant growth and development, but also the biosynthesis of both the primary and secondary metabolites [9, 10] . Besides the work of Georgieva et al. [7] , who found In this communication, we compare the galanthamine content and galanthamine-related metabolites in intact plants, calli and shoot-clump strains obtained from a single callus strain and grown in the presence or absence of light. The alkaloid profiles were analyzed by GC-MS -a proven method for Amaryllidaceae alkaloids [11, 12] .
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The extraction procedure of the in vitro cultures showed low relative standard deviation (RSD) definition (5.1% interday), which permitted one extraction per sample for galanthamine quantification, considering the limited material obtained from the experiments. The galanthamine content of the shoot-clumps ranged between 15.2 and 194.1 μg/g of dry weight (DW) (1.9 and 22.9 μg/g of fresh weight (FW) ( Table 1 ). In contrast to the shoot-clumps cultivated under equal conditions, those grown under light accumulated considerably more galanthamine (a mean of 73.8 μg/g of DW, corresponding to ca. 8.7 μg/g of FW) -almost double (an average of 1.9 times) than in darkness (38.5 μg/g of DW) ( Table 2 ). This increase came from 7 out of 10 shoot-clump lines. The coefficients of variation (CV) were high for both cultures grown under light and in darkness (67% and 75%, respectively) indicating a high level of variability of the galanthamine content. 90G and 94G callus strains accumulated respectively 13.1 and 12.0 μg/g of galanthamine of DW (corresponding to ca. 1.7 μg/g of FW) which is ca. 5 times less than that found in the shoot-clumps. The intact plants, however, showed the highest galanthamine content (roots -330.8 μg/g of FW, bulbs -153.8 μg/g of FW, leaves -119.8 μg/g of FW, and stems -77.6 μg/g of FW, respectively).
The shoot-clumps possessed alkaloid patterns dominated by galanthamine and lycorine (Table 3) , which were similar to those of the intact plants.
Galanthamine was the main alkaloid in seven shootclump strains whereas the other three were dominated by lycorine. Twenty-four compounds of tyramine type protoalkaloids, galanthamine, haemanthamine, lycorine, homolycorine and narciclasine types, were found in the alkaloid mixtures ( Figure 1 ). The number of detectable alkaloids varied between 6 and 14 compounds in the shoot-clumps while those of the intact plant organs varied between 9 and 18. In contrast, the callus strains 90G and 94G consisted of 3 -4 compounds ( Table 1) . It is noteworthy that more alkaloids were detected in the cultures grown under light as compared to those grown in the dark. Also, higher percentage contribution of tyramine type compounds was found in the alkaloid patterns of the shoot-clump cultures, especially those grown under dark. These compounds are precursors in the biosynthesis of the Amaryllidaceae alkaloids and their higher accumulation could be associated with the weaker synthesis of the rest of alkaloids in the shoot-clumps as compared to the intact plants. In contrast to galanthamine content, the galanthamine percentage in the alkaloid mixtures was not influenced by the light, which is explained by an increase of total alkaloids under light. The CV values of the alkaloid types in the alkaloid mixtures were also high ( Table 3 ). The reasons for that variability in the galanthamine content and alkaloid profiles are still unclear. We suggest that the shootclumps obtained in the present work from a single 2-year old callus strain are not homogenous, indicating somaclonal variation [13] . Further molecular or cytogenetic studies are necessary to prove this hypothesis. Fig. 1 Biosynthetic relationship of the identified alkaloids in L. aestivum intact plants and in vitro cultures after Bastida et al. [17] . Callus cultures: Callus cultures were initiated from young fruits and cultivated on Murashige and Skoog (MS) medium, as described previously [6] . The two best callus strains (90G and 94G), selected with respect to their growth and morphological characteristics, were further sub-cultured every 28 days for 2 years in the same conditions, on MS supplemented with 30 g/L sucrose, 5.5 g/L "Plant agar", 4 mg/L 2,4-dichlorophenoxyacetic acid (2,4-D) and 2 mg/L benzylaminopurine (BAP) (Duchefa).
Shoot-clumps:
More than 200 shoot-clump strains were established from 94G callus strain and cultivated for more than two years onto MS medium supplemented with sucrose and agar as described above, and 1.15 mg/L NAA and 2.0 mg/L BAP. The best ten shoot-clump strains were selected with regard to their growth and galanthamine accumulation, and sub-cultured for another two years. Then, the shoot-clump strains were cultivated in parallel under both darkness and light conditions with a photoperiod of 16 h light (1400 lux, in a Binder KBW 240 growth chamber equipped with OSRAM L18W/77 lamp model) for 28 days before freeze drying and alkaloid extraction.
Alkaloid extraction: The in vitro obtained plant material was extracted following previously described method [11] . Briefly, callus and shootclumps were freeze dried and 200 mg samples were extracted directly with 7 mL 2% sulfuric acid in a volumetric flask of 10 mL in an ultrasonic bath for 6 h. After that, the extracts were basified with 1.5 mL 25% ammonia and the final volume of the extract was adjusted to 10.0 mL with distilled water. The basified extract was centrifuged at 5000 rpm and 3.0 mL of the extract were loaded on Isolut-HM-N ® 3 mL columns (International Sorbent Technology Lld., UK). The alkaloids were eluted with 15 mL EtOAc, the organic solvent evaporated under vacuum and the dry extract resolved in 100 μL of methanol containing 50 μg/mL of codeine as IS. Reproducibility (RSD) of the extraction procedure was tested by extracting 5 samples at 2 different days (n=10). To confirm the identity of the trace alkaloids, concentrated extracts (with higher amounts of minor compounds) obtained from 10 g of pooled in vitro material were analyzed in parallel.
Fresh plant organs (2-5 g) from three intact plants were excised, weighted and macerated separately in 96% ethanol in order to stop the enzymatic processes and then stored at 5°C until extraction. Alkaloids were extracted in triplicate with 96% ethanol (50mL each) and the combined eluents were evaporated in vacuo. The dry extracts were dissolved in 2% sulfuric acid (5 mL), filtered through cotton via Pasteur pipette, and then aliquots (2 mL) were basified with 25% ammonia (1 mL) and loaded on Isolut HM-N ® -3 mL columns. The alkaloids were eluted with 15 mL EtOAc. The organic solvent was evaporated and then the alkaloids resolved in 250 μL methanol containing 200 μg/mL codeine as internal standard (IS).
GC-MS analyses:
The GC-MS analyses were carried out on a Hewlett Packard 6890+/MSD 5975 equipment (Hewlett Packard, Palo Alto, CA, USA) as described previously [11] . Split ratio of 1:20 for the intact plants and splitless for the in vitro samples were used. One µL aliquots of the methanolic solution were injected. A calibration graph for galanthamine quantification in the intact plants was obtained using solutions with concentrations from 50 to 1000 μg/mL of galanthamine containing 200 µg/mL of IS. Solutions with concentrations from 5 to 400 μg/mL of galanthamine containing 50 µg/mL of IS were used for galanthamine determination in calli and shoot-clump cultures. The ratios of the peak areas of selected ions (TIC mode) of galanthamine (m/z at 286) versus those of the internal standard codeine (m/z at 299) were plotted against the corresponding concentration of galanthamine to obtain the calibration graph.
The alkaloids were identified by comparing their GC-MS spectra and Kovats retention indices (RI) with stock authentic compounds from our laboratory and identified by other spectrometric methods (NMR, UV, CD), by comparing their mass spectra with standard reference spectra from NIST 05 database (NIST Mass Spectral Database, PC-Version 5.0 -2005, National Institute of Standardization and Technology, Gaithersburg, MD), and literature data as indicated in Table 1 . Compounds 17, 23 and 24, which showed characteristic mass spectral fragmentation pattern of lycorine and homolycorine type alkaloids, were left unidentified. The compounds in Table 1 are presented as a percentage of the total ion current (TIC) of the alkaloid mixture. The purity of spectra from co-eluting chromatographic peaks was examined and deconvoluted by AMDIS 2.64 (NIST) software before peak area integration.
Variation in alkaloid profiles was expressed by their coefficients of variation (CV). Student's t-test was performed to check for significant differences between the cultures grown in light conditions and darkness. All data were processed using GraphPad Prism version 3.00 for Windows (GraphPad Software, San Diego California USA, www.graphpad.com).
